The spatiotemporal dynamics of elementary Ca 2+ release events, such as "blips" and "puffs" shapes the hierarchal Ca 2+ signaling in many cell types. Despite being the building blocks of Ca 2+ patterning, the mechanism responsible for the observed properties of puffs, especially their termination is incompletely understood. In this paper, we employ a data-driven approach to gain insights into the complex dynamics of blips and puffs. We use a model of inositol 1,4,5-trisphosphate (IP 3 ) receptor (IP 3 R) derived directly from single channel patch clamp data taken at 10 M concentration of IP 3 to simulate calcium puffs. We first reproduce recent observations regarding puffs and blips and then investigate the mechanism of puff termination. Our model suggests that during a puff, IP 3 R s proceed around a loop through kinetic states from "rest" to "open" to "inhibited" and back to "rest". A puff terminates because of self-inhibition. Based on our simulations, we rule out the endoplasmic reticulum (ER) Ca 2+ depletion as a possible cause for puff termination. The data-driven approach also enables us to estimate the current through a single IP 3 R and the peak Ca 2+ concentration near the channel pore.
Introduction
Calcium (Ca 2+ ) is a highly specific universal second messenger. The means by which a single ion can be both highly specific and universal is believed to lie in its spatiotemporal dynamics which are mediated by ion channels, pumps, and Ca 2+ buffers [1] . One of the more intriguing aspects of the Ca 2+ signaling toolkit are puffs which are brief (∼ few tens of milliseconds) releases of Ca 2+ through IP 3 R s from the ER store. The IP 3 R s are believed to be distributed in clusters [2] [3] [4] . Puffs result from the coordinated activity of multiple IP 3 R s in the cluster [5] [6] [7] . Ca 2+ puffs and blips (Ca 2+ release events due to single open IP 3 R) are the building blocks of the increasingly complex spatiotemporal Ca 2+ signaling patterns observed in several cell lines. Thus it has proved necessary to build models that can explain puff data [8] [9] [10] [11] [12] [13] [14] [15] [16] . Despite all these valuable efforts, certain aspects of puff dynamics such as their termination, remain incompletely understood. The goal of this work is to use a data-driven approach to: (1) reproduce recent observations about Ca 2+ puffs, (2) investigate the mechanism of puff termination, and (3) give a reasonable estimate for the current through single IP 3 R and the maximum Ca 2+ concentration near the channel pore.
Recently one of us (Parker) reported observations in which the change in a Ca 2+ fluorescent indicator in SH-SY5Y cells that are thought to reflect the openings or closings of individual channels is observed [5, 17] . By measuring the step changes in fluorescence that reflect openings or closings of individual channels during a Ca 2+ puff, we found that at most 10-20 channels are simultaneously open. More often, about 6-10 channels open simultaneously. In this paper, we assume that the maximum amplitude (or number of simultaneously open channels) ever observed at a given puff site represents the number of channels within the cluster. Experimental observations suggest a typical cluster diameter of 0.3-0.8m [5, 2, 18] . This implies that the mean distance between nearest neighbor channels is about 100-150 nm depending on the size and number of channels within a cluster. Previous studies concluded that a single IP 3 R channel releases a current I of about 0.025-0.5 pA [19, 20, 18] . Throughout this paper we will use a standard single-channel current of 0.075 pA. Based on the comparison between the model results and puff observations, we will argue that this is a reasonable value for the single channel current.
The IP 3 R is a Ca 2+ -sensitive Ca 2+ channel. Single-channel measurements reveal that the equilibrium open probability (P O ) of IP 3 R is bell-shaped with respect to Ca 2+ [21, 22] . It is more probable for the channel to be open in the presence of 2 M Ca 2+ on the cytosolic side of the membrane than it is for it to open at 0.1 M Ca 2+ or 100 M Ca 2+ . We use this property of IP 3 R along with kinetic data from the ligand concentration jump experiments [23] to develop a model for single-channel gating on which we build our puff model.
Although several models for IP 3 R exist in literature (e.g. [22, 24, 25] ), it seems more appropriate to use a data-driven single channel model for puff simulation in order to better assess our predictions.
We construct a model for puffs based on fairly coarse properties of the IP 3 R. The properties that we base our model on are (i) a simplified four-state Markov chain for the single-channel gating kinetics that we will argue is relevant to gating during puffs, (ii) the presumptive spatial distribution of channels, and (iii) the diffusion of Ca 2+ from channel to channel in the presence of buffers. The model can account for the gross features of Ca 2+ puffs with a single set of parameters. The model indicates that channels open because of cross-activation (in which channel A releases Ca 2+ which then diffuses and causes nearest-neighboring channel B to experience near optimal Ca 2+ ≈ 2 M). The model further indicates that puffs terminate because of self-inhibition (in which channel A becomes inhibited after sensing high Ca 2+ > 100 M near its own channel pore). We rule out the possibility of ER depletion as the reason for puff termination. With the mean transition times between various states of the IP 3 R constrained by the patch-clamp data and other parameters for Ca 2+ and buffers kinetics available in the literature, we constrain the single channel current and Ca 2+ concentration near the channel pore based on model comparison with the puffs data.
Single channel model
The gating of IP 3 R depends on both Ca 2+ (C) and IP 3 (I) concentrations. First, we will develop a seven state model that explains both the C and I dependence of the P O of a single IP 3 R channel. Once we have the seven state model, we will determine a simple four state model that reproduces the IP 3 R P O at fixed I = 10 M with the same accuracy as the full seven state model. We will build our puff model on the four state model.
The derivation of seven state model that explicitly treats IP 3 binding is shown in Supplemental Methods Section 1.1. The scheme for the seven state model is shown in Fig. 1S and the model fit to the P O of IP 3 R in Xenopus laevis oocytes is shown by the lines in Fig. 2S .
Next we will derive the four state model that explains the gating of IP 3 R under fixed I = 10 M and varying C. The P O of IP 3 R as a function of C at fixed I = 10 M is shown by the circles in Fig. 1 . Each circle in Fig. 1 is the mean of multiple patch clamp experiments at given C value and the error bars are the standard errors of the mean. Using the information criterion [26] in the same manner as done for the seven state model, we find that the best fit to the P O data C (µM) at I = 10 M is obtained by using the following function in C only. Note that the "best fit" here refers to the fit to the P O data at fixed I = 10 M and varying C unlike the seven state model that involves both Ca 2+ and IP 3 dependence.
Similar to the constant K Xij in case of seven state model, the constants K A , K O , and K I will be associated with forward equilibrium constants below. To simplify the notation, we have dropped the indices ij representing the number of Ca 2+ and IP 3 bound to the channel. The fit to the P O data at fixed I = 10 M given by Eq. (1) is shown with solid line in Fig. 1 . Like the seven state model, at least one state can be associated with each distinct monomial in the P O . The monomials here are: 1, K A C 2 , K O C 2 , and K I C 5 . Thus we have four states: R, A, O, and I. 1, K A C 2 , K O C 2 , and K I C 5 in Z are the occupancies of R, A, O, and I states respectively with respect to R state. As will become clear below, in each state, the channel has four IP 3 molecules bound. So, the occupancy of each state is multiplied by I 4 , where I is the IP 3 concentration. For example, the occupancy of A state is K A C 2 I 4 , etc. However, I 4 cancels out from the P O equation.
The equilibrium occupancies of R, A, and I states are given by:
The constants 2 , and K I = (1/C I ) 5 are products of forward equilibrium constants along any path connecting the R state to the A, O, and I states, respectively.
Thus we represent a single IP 3 R by a four-state model shown in Fig. 2 . The model is consistent with the single-channel kinetics under conditions of 10 M IP 3 concentration and with rapid perfusion experiments [23] . The four state model has a rest state (R) with no Ca 2+ ions bound, an active closed state (A) with 2 Ca 2+ bound, an open state (O) with 2 Ca 2+ bound, and an inhibited state (I) with 5 Ca 2+ bound. We take 5 Ca 2+ to be bound in the inhibited state as that provides the best fit for the P O observed in X. laevis oocytes. Under optimal 1 conditions (C = 2 M and I = 10 M) the most probable behavior of the channel is that it flickers on and off between the open and active closed states. Our analysis indicates that 4 is the minimum number of states with four IP 3 molecules bound to the receptor in order to account for the equilibrium P O of IP 3 R channels under 10 M IP 3 . We calculate the mean transition times from the P O data obtained from X. laevis oocytes and rapid perfusion experiments [23] 
Similarly, the occupancy of I54 state relative to R04 = K I54 C 5 I 4 /K R04 I 4 = (C/C I54 ) 5 , (Table 2S) .
As is clear from (Fig. 2S) , the P O at 10 M IP 3 concentration given by the seven state model is exactly the same as given by the four state model. Thus for the remainder of this paper we will use the four state model to explore the behavior of puffs as both models behave in the same manner under 10 M IP 3 concentration.
In principle the network can be learned completely from the ligand-dependent steady state dwell-time distributions but we have not yet done that. Rather, we turn to some of the coarser features of kinetic data that we have reported previously [23] .
The kinetic data suggests that there is a direct link between O and I and that there is no direct link between R and O. We performed kinetic measurements on Sf9 cells [23] in which we measured the response of the channel to rapid jumps in the concentrations of both IP 3 and Ca 2+ . The distribution of "inhibition latencies" f i (t i ) (the distribution of times for the channel to go from actively gating to inhibited) is of particular interest. To measure the inhibition latency we jumped C from optimal (C ≈ 2 M where the P O is maximal or near maximal) to inhibiting (C ≈ 300 M where P O is near zero) at fixed IP 3 concentration of 10 M. If the channel had needed to traverse some sequence of states to get from the open state to the inhibited state (or states) there would have been no short inhibition latencies: f i (0) would have been zero or near zero. At least with the resolution afforded by our experiments there appear to be no states intermediate to O and I. We therefore conclude that the open state is directly connected to the inhibited state. Similarly the distribution of times to recover from inhibition (after dropping C from 300 M to 2 M), f ir (t ir ), is nonzero at t ir = 0 which is further evidence in support of a direct link between O and I. In the case of X. laevis oocytes it seems unlikely that the doubly liganded open state is directly connected to the inhibited state which has 5 Ca 2+ bound but the intermediate states have low occupancy. We have not performed kinetic measurements on Xenopus but we believe that the connectivity will be similar to that of the Sf9 cells. We believe that any states that are intermediate to the open and the inhibited states are traversed so rapidly that transition times as short as 0.1 ms should be common. There appears to be nothing in the data that demands a link between A and I. We did report a deficit of short activation latencies when we jumped C from <10 nM to optimal. This implies that R is not directly connected to O. In another set of experiments, we jumped C from near 0 (C < 10 nM) to inhibiting value of 300 M and found that 9 out of 103 experiments failed to cause channel bursts. Similarly, in experiments where we jumped C from 300 M to <10 nM, 88 out of 94 times the channel deactivated without bursting. Both these observations suggest a direct link between R and I states.
Thus the kinetic data for the X. laevis cell appears to be consistent with a network topology shown in Fig. 2 . Note that we are interested in making a quantitive comparison to the puffs observed in SH-SY5Y cells. There are no single channel data available on the IP 3 R kinetics in SH-SY5Y cells. We assume that the network topology is consistent with the network illustrated in Fig. 2 .
The only states we are including here have 0, 2, 2, and 5 Ca 2+ bound. Clearly there is a "missing state" with one Ca 2+ bound that mediates the transition between the rest state R which has no Ca 2+ bound, and the active state A, which has two Ca 2+ bound. We denote this missing low occupancy state by A 1 . Similarly, there are two low occupancy states between O and I and 4 low-occupancy states between I and R. The P O data are not adequate to provide accurate estimates of the occupancy of these states save that their occupancy is always low relative to that of the four primary states: R, A, O, I. Note that this does not imply that the occupancy of A 1 is less than the occupancy of R for all C. Rather, it means that the occupancy of A 1 is negligible compared to at least one of the four main states. Applying Occam's razor, we set the occupancy of all the required low occupancy transition states to zero. Although these states have low occupancy, they impact the kinetic behaviors of the channel, serving as "speed bumps" for the probability flux between high occupancy states. The occupancy of transition states is low because the rates out of these states are high and this results in a finite probability flux. We introduce constants k flux ij which we call "flux parameters" because they give the equilibrium probability flux between states. For example, k flux 12 C 2 is the flux of probability from A 1 which has one Ca 2+ ion bound to A which has two Ca 2+ ions bound. We present the explicit derivation of the mean times between the four primary states under the assumption that they are separated by low occupancy transition states in Supplemental Methods Sections 1.2 and 1.3. The transition rates are the inverses of the mean transition times.
Stochastic simulations of the IP 3 R cluster and diffusion of cytosolic Ca 2+ and buffers
We consider a cluster of 10 IP 3 R channels arranged in a two dimensional array with an inter-channel spacing of 120 nm. The gating of each channel is given by the four state model described in the previous section. Details of the stochastic scheme and diffusion of Ca 2+ and buffers are given in Supplemental Methods Sections 1.4 and 1.5, respectively.
Our evolution equations (Eqs. (37S)-(40S)) neglect the consumption of buffers in the vicinity of the jth channel due to Ca 2+ released by the ith channel (with i / = j) as the buffer consumed by a channel near its own pore is much higher than the buffer consumed by the same channel at the location of its neighbor. This would be an exact approximation if the channels were infinitely apart. The fact that channels in the cluster are at finite distance from each other makes this a crude approximation but not as crude as others made in the field [27, 28, 12] . The propagation of Ca 2+ and buffers is simulated throughout a 3D cytosolic space. Considering the spherical symmetry around the channel, the Laplacian of Ca 2+ and buffers in spherical coordinates is given as We solve the set of differential equations (Eqs. (37S)-(40S)) implicitly on a hemispherical volume of radius 5 m with a spatial grid size of 5 nm for each channel and sum the contribution of all channels for the instantaneous Ca 2+ concentration at a given point in space. The idea is that we are simulating the dynamics of a puff-site that is far from the plasma membrane, in essence a single puff-site in a semi-infinite medium. Under the simulated conditions the Ca 2+ concentration at 5 m does not change significantly. Thus we use 5 m as the radius of the simulated volume. Increasing the radius of the simulated volume does not make an appreciable difference. The assumption that each channel has its own reservoir of buffers converts the 3D problem into N 1D problems, where N is the total number of channels. In this case, we solve 10 1D problems each with 1000 grid points. Solving this problem numerically with similar resolution in Cartesian coordinates, for example, would require about a billion grid points, a very demanding computational job where thousands of puffs have to be simulated to extract statistics. The details of computational scheme are given in Supplemental Methods Section 1.6.
Finally, Ca 2+ concentration at the location of each channel is updated by adding the contributions from other channels in the cluster
where r ji is the distance between channels i and j, and c j is the Ca 2+ concentration at a given point in space and time due to channel j. This method is similar in spirit to the quasi-static approximation made by Nguyen et al. [27] where local Ca 2+ experienced by channel i due to other channels was calculated as C i = N j=1
(I j e −r/ /2 Dr). Here I j , r, , and D is the source amplitude of channel j, distance of channel j from channel i, buffer space constant, and effective diffusion coefficient of Ca 2+ , respectively. I j = 0 when the channel j is closed (see also [28] ). The approximation made by [27, 28] is binary; an open channel contributes Ie −r/ /2 Dr while a closed channel makes no contribution to the overall Ca 2+ profile. We relax the binary static approximation made in these two studies. When a channel first opens the contribution to the overall Ca 2+ profile is approximately Ie −r/ /2 Dr. The contribution to the profile continues to evolve on a slow time-scale. When an open channel first closes, its contribution to the overall profile rapidly drops to a low but nonzero level and then decays slowly to zero. Furthermore, when the first channel opens, the quasi-static approximation made by Nguyen et al. [27] fixes the first channel's contribution to the Ca 2+ concentration at the second channel. In reality, the first channel's contribution to the Ca 2+ concentration at the second channel will continue to increase as long as the first channel is open. Our approximation tracks these time-dependent contributions of the channels to the Ca 2+ profile.
We estimate the fluorescence signal from total internal reflection fluorescence (TIRF) microscopy by the procedure outlined in [19] which is described in Supplemental Methods Section 1.7. Details of experimental protocol are given in Supplemental Methods Section 1.8.
Results

Puffs statistics
The stochastic scheme described above allowed us to simulate (Fig. 3B ). An expanded view of a single puff reveals that the changes in fluorescence are slower than the time-scale in which the channels open and close (insets in Fig. 3A and B) . In the example shown in the insets, there is a single-channel event right before the puff in the open channels trace that cannot be detected in the fluorescence trace. Thus it is not possible to detect very brief channel openings and closings during the puff from fluorescence measurements. Furthermore, the amplitude of the fluorescence does not necessarily represent the actual number of open channels. In the insets, the numbers 1 and 2 correspond to four and three open channels, respectively (Fig. 3B,  inset) . However, in the fluorescence, the peak corresponding to four open channels (1 in the inset) is lower than that corresponding to three open channels (2 in the inset) because three channels were open longer. This point will be further elaborated in Fig. 5 . The distribution of all peak and step level amplitudes obtained from the simulated fluorescence data (see Fig. 3 for examples) is shown in Fig. 4 in units of blip amplitude. That is, we detected all step level changes in fluorescence due to channel openings and quantified them in unit of averaged fluorescence change during a blip. Peaks at integral values of amplitude similar to those from experimental observations can be clearly discerned (Fig. 4A of [5] ).
The distributions of various statistical properties calculated for several thousand puffs and blips are shown in Fig. 5 . The distribution of puff amplitudes (maximum number of open channels during a puff) compares reasonably well with the experimental data from SH-SY5Y cells shown by the gray bars (Fig. 5A) . The experimental data is modified from [5] by considering the puffs with maximum number of channels ≤10 and computing the distribution over this range in order to be consistent with a cluster size of 10 channels. Fig. 5A clearly shows that there are significant differences in the amplitude distributions obtained from modeled fluorescence and open channel count. The distribution obtained from modeled open channel counts has more small events and fewer big events compared to the distribution obtained from modeled fluorescence. As we will discuss below, the discrepancy between the distributions from modeled fluorescence and experiment decreases as we increase the transition rates between states O and I.
The distribution of puff life-times is shown in Fig. 5B . Our simulation generates puffs with shorter durations than earlier experimental observations [7] . However, the new improved imaging technique reveal shorter puff durations [5] . Furthermore, as we will show below the durations of puffs estimated from fluorescence measurements can be slightly longer than those estimated from the number of open channels.
The puff termination time (time from the peak of the puff to the base-line Ca 2+ ) follows an exponential decay with a peak around 40 ms for the distribution obtained from the open channel count which is the same as the peak of distribution from TIRF experiments (Fig. 5C ). All the distributions in Fig. 5C are based on puffs with 5-10 open channels. The distribution obtained from modeled fluorescence peaks around 70 ms. The distribution of puff termination time obtained from modeled fluorescence is shifted to the right when compared to the distribution from open channel count. This result indicates that the puffs actually have shorter termination time and duration than that estimated by fluorescence microscopy. We will discuss the discrepancy between the distributions from the model and experiment below.
The model is in good agreement with the distribution of Ca 2+ blip life-times from single-channel events (Fig. 5D) .
The modeled mean time to puff termination as a function of puff amplitude estimated from both the number of open channels and fluorescence is shown in Fig. 5E Fig. 5C . The mean termination time versus amplitude nearly follows a harmonic series as shown by the dashed line. We will discuss the significance of this behavior in the final section. Fig. 5F shows the rate of channel openings (upper panel) and closings (lower panel) per puff as a function of time after puff initiation. The rate of channel openings and closings were calculated by counting the total number of channels that opened or closed during consecutive time windows of 5 ms and averaging the result over all puffs for that time window. For example, the average openings during the time 0-5 ms is calculated by counting the total number of channels that opened during the first 5 ms of each individual puff and then averaging the result for all puffs. Finally, the average was divided by 5 ms. The open rate drops from high to low value rapidly in the initial phase of the puff. Channel opening and closing rates both agree with experimentally observed values (gray bullets in Fig. 5F ). For the simulation shown in Fig. 5 , the average statistics of puffs are: amplitude, 3.57 channels; duration, 37.40 ms; openings/ms, 0.44; closings/ms, 0.49; frequency 0.46 puffs/s; and duration of blips, 10 ms. Interestingly, we find that the stationary buffer and EGTA do not significantly effect the statistics of elementary Ca 2+ release events (Fig. 3S) .
The major discrepancy of our model is its prediction of longer termination time for bigger puffs as compared to the experimental data ( Fig. 5C and E) . There are two possible explanations for this discrepancy. First, the experimental distribution in Fig. 5C is based only on those puffs with no channel re-openings during the falling phase. That is, puffs where channels re-opened during the termination phase were not considered in the analysis. The second source of discrepancy comes from the mean times for the transitions between O and I states. As we will discuss further in the final section, the higher number of channel re-openings during the falling phase of the puff is the major contributor to the longer puff termination time. The number of re-openings decreases as we increase the transition rates between O and I states. We estimated the transition rates from the ligand jump experiments performed on IP 3 R in Sf9 cells [23] . It is possible that the mean transition times between O and I states of IP 3 R in SH-SY5Y cells are shorter than that for IP 3 R in Sf9 cells, thereby giving rise to higher transition rates between states O and I. Indeed, the termination time for bigger puffs decreases as we decrease the mean time for the transitions between O and I states (Fig. 5E, dotted line with triangles) , shifting the termination time distribution to the left (Fig. 5C, dotted line) . Decreasing the mean transition times between O and I states also improves the fit to the amplitude distribution (Fig. 5A , dotted line with triangles). Thus our modeled fluorescence signal suggests that the larger number of channel re-openings causes the number of larger amplitude puffs to increase (Fig. 5A, solid line with filled squares) . Note that the higher transition rates between O and I states used here to improve the fits only point to a possibility in SH-SY5Y cells and are not based on single-channel observations. Since we do not have single channel estimates of transition rates in SH-SY5Y cells, we use the values obtained from Sf9 cells in the remainder of the paper.
Baylor and Hollingworth demonstrated that treating ATP as a buffer is important for Ca 2+ spread within a half sarcomere of a frog skeletal muscle fiber activated by an action potential [29] . They showed that high concentration of ATP elongates the time course of SR Ca 2+ release transients. In order to quantify the role of ATP buffering in puff dynamics, we repeated our simulation in the presence of ATP as Ca 2+ buffer. We found that moderate ATP concentration doesn't affect the statistics of elementary Ca 2+ release events significantly (Fig. 4S) . In the Baylor and Hollingworth's model, the peak Ca 2+ concentration was less than 20 M. In our case, Ca 2+ concentration at the channel throat rises as high as 300 M [30] . We believe that the role of ATP buffering in modulating channel gating kinetics in our model is insignificant due to the high Ca 2+ concentration at the channel location.
Puff termination
Our hypothesis is that puffs terminate because of the selfinhibition of IP 3 R channels. To test this hypothesis, we reduced the probability of IP 3 R to go inhibited by increasing the mean transition time from state O to I by a factor f. We changed the reverse mean time by the same factor in order to maintain detailed balance. As we increase the mean transition times between O and I states the termination times distribution of puffs with 5 ≤ amplitude ≤ 10 shifts to the right showing that reducing the probability of the channel to go inhibited indeed delays the puff termination (Fig. 6A) .
There is considerable evidence in cardiac muscles that the local depletion of sarcoplasmic reticulum (SR) is the dominant mechanism for sparks termination (see for example [31, 32] for review). To investigate the ER local Ca 2+ depletion as a possible source for puff termination, we modified the equation for flux through the channel (J j , see Supplemental Methods) so that it is proportional to the Ca 2+ gradient across the ER membrane, i.e.
We used flux velocity, V f = 1.75 × 10 4 /(M ms), so that the current through the channel under optimal conditions (C = 2 M) is 0.075 pA.
We computed the instantaneous value of Ca ER during the puff by translating the flux through the cluster into the Ca 2+ concentration loss in a hemisphere of 700 nm radius in ER under the cluster. We considered the extreme situation where there is no replenishing of the ER micro-domain through Ca 2+ diffusion or pump. A single channel having current I = X pA releases N i = 3125 × X ions/ms. So the total number of ions, N t , released by the cluster during time t is N t = N i × N O × t, where N O is the number of open channels in the cluster at a given time. We integrated N t from 0 to t for the total number of ions released by the cluster at time t during the puff which started at time 0. One Ca 2+ ion is equivalent to 1.66 × 10 6 M ×nm 3 . Ca 2+ concentration lost by the hemisphere having volume ıV ER in the ER during time t is C lost ER = N t × (1.66 × is the Ca 2+ concentration in the ER at rest.
In Fig. 6B , we show the distribution of puff termination times for three different C rest ER values. We consider puffs with 5 ≤ amplitude ≤ 10 because bigger puffs are more likely to deplete the ER as compared to the smaller puffs with amplitude <5 (see Fig. 5S ). In line with the observations in Fig. 5S , the probability of ER depletion increases as the number of channels in the cluster increases ( (Fig. 6S) ). This happens because bigger clusters having more than 10 channels produce larger puffs (amplitude >10). The total number of puffs with amplitude ≥5 also increases as the number of channels per cluster increases. It is interesting to note that the distribution shifts to the left as we increase C rest ER although the probability of local ER depletion decreases. For C rest ER = 700 M, one fourth of events cause local ER depletion (Fig. 6C, solid line) but the distribution has smaller number of short and larger number of long termination times as compared to C rest ER = 1300 M where there are no local depletions. Based on this result we rule out local ER depletion as a reason for puff termination. Previous experimental observations support our conclusion. First, it is possible to evoke a second puff almost immediately after the first one. The amplitude of the second puff is not correlated with that of the first and on average is no smaller (Fig. 6 of [33] ). Second, the stepwise decrements of Ca 2+ fluorescence as individual channels close during a puff do not get progressively smaller and larger puffs do not terminate faster than smaller puffs [5] . Third, we recently found some instances where puffs fail to terminate. After producing several normal puffs, a puff at a site just keeps going, with a sustained fluorescence amplitude that declines little over several seconds (unpublished data). This last observation is in accord with our result. Had we allowed slow replenishing of ER by pump, diffusion, and buffers in case of C rest ER = 700 M, the C ER would have a sustained smaller value causing a smaller flux through the channel. The smaller flux would have caused delayed channel inhibition and hence elongated puffs.
Discussion
Ca 2+ ions encode information through their spatiotemporal patters. Puffs and blips are the building blocks of Ca 2+ patterning. The dynamics of puffs, especially their termination mechanism remain incompletely understood. Here we used data-driven modeling to unveil one mechanism of puff termination. We first developed a single channel model for IP 3 R. We assumed that the channel gating kinetics as observed in patch clamp recordings obey the laws of mass action and detailed balance. These two laws together imply that the equilibrium open probability is given by a rational function in terms of the concentrations of the ligands that bind to the channel. Some of the key patch clamp measurements were taken at IP 3 = 10 M.
We constrained the model based on key experimental observations regarding single channel gating rather than using existing models. Our model suggests that during a puff, IP 3 R channels in a cluster proceed along a one-way trip around a loop through kinetic states from "rest" to "active and open" to "inhibited" and back to "rest" (Fig. 7S) . The channels can switch back and forth between active and open states during the puff. However, the puff is terminated by channels entering the inhibited state. There are no channels in the active state immediately after a puff is terminated. In line with experimental observations, we ruled out local ER Ca 2+ depletion as a reason for puff termination unlike Ca 2+ sparks in cardiac muscles where local SR depletion is the dominant mechanism for spark termination [32, 31] . In the following, we argue further that puffs are terminated by self-inhibition of IP 3 Rs.
The problem of understanding puff dynamics is fundamentally a problem of analyzing the various space and time scales in light of the various reaction rates. From the open probability data we note that the occupancy probability for the inhibited state, P I , occurs only at Ca 2+ [36] , it is interesting to note that ≈ 120 nm, the same as the nearest neighbor spacing. Under such buffering conditions, an open channel contributes 0.5-0.7 M to the concentration that its average nearest neighbor experiences. P O for both X. laevis and SF9 is above the 90% level at 0.7 M. P I is zero at 0.7 M for both Xenopus and Sf9. Thus, open channels cannot raise the Ca 2+ concentration experienced by their neighbors enough to result in significant P I . If channels are to reach the inhibited state, then it must be because they are sensing their own self-contribution to Ca 2+ .
The IP 3 R "outer radius" is about 10 nm from the pore. The selfcontribution to the concentration at the outer radius is 20-40 M for an open channel and near zero when the channel is closed. Note that when a channel opens or closes, the initial change in concentration very close to the pore is instantaneous. Even at the nearest neighbor distance (∼120 nm), the time for the concentration field to approach its quasi steady value is about 50 s, which is very short relative to the channel gating times that are on the order of milliseconds or longer. Upon closing, a channel's self-contribution to the Ca 2+ concentration it senses at the outer radius drops from 20 to 40 M to a very small value, depending on buffer, in times of about a microsecond. It follows that the only time that the inhibiting binding site is exposed to concentrations high enough to raise P I is when the channel is open. Thus, the channel must be open in order to become inhibited. Inhibition means self-inhibition. We conclude that the only way for a channel to sense inhibiting levels of Ca 2+ is if the channel is open, unlike the 9 state model in [37] in which the channel cannot inhibit itself. Thus, puffs terminate because of self-inhibition causing finite puff lifetimes of a few hundred milliseconds.
If we consider n open channels at the peak of the puff that go inhibited independently of each other with the mean time to inhibition of a single channel, then the mean time taken by nth, (n − 1)th,. . ., 2nd last, last open channel to close would be /n, /(n − 1), . . ., /2, /1. The total termination time for the puff is (1/n + 1/(n − 1) + · · · +1/2 +1). As shown in Fig. 5E , the observed mean termination time versus the amplitude of puff nearly follows a harmonic series. The mean termination time for puffs with bigger amplitude given by the model moves away from the harmonic series. After analyzing individual puffs, we noticed that the longer puffs have more re-openings during the falling phase which elongates their termination time. This analysis leads to two conclusions. First, by fitting the puff termination time vs amplitude obtained from experimental data to the harmonic series one can estimate the mean open time of a single channel in a physiological environment. Second, the number of re-openings during the falling phase of the puff increases as we decrease the current through a single channel and vice versa. By using a single-channel Ca 2+ current I = 0.02 pA, we estimated that the channel experience about 75 M Ca 2+ when open and the mean termination time for bigger puffs was about 4 times longer than the experimental values. Furthermore, the increased termination time was due to the increased number of re-openings during the falling phase of the puff. To get close to the experimentally observed termination time, we had to increase the channel current to 0.075 pA. Second, the number of re-openings also decreases as we increase the transition rate from state O to I. Since the mean transition times are constrained by the patch clamp data, we changed the channel current. Thus by fitting the model to the experimental termination time vs amplitude, the current through a single channel can be estimated. A single channel current of 0.075 pA gave us a reasonable fit to the data. This value is well within the observed limits [19, 20, 18] . The same practice also enabled us to estimate the Ca 2+ concentration experienced by the channel due to its opening. Our model predicts that the Ca 2+ concentration near an open channel can reach 300 M [30] .
We have assumed fixed IP 3 concentration for the puff simulations in this paper. The goal was to understand key observations about puffs in terms of Ca 2+ dependence only and to investigate the puff termination mechanism. Previous observations indicate that some key characteristics of puffs such as their amplitude are relatively insensitive to IP 3 concentration [38, 39] . Further, we noticed that at 10 M IP 3 the four state single channel model used for puffs behaves in the same manner as the seven state model that considers explicit IP 3 binding (Supplemental Methods Section 1.1). We believe that our conclusion regarding self-inhibition as the mechanism for puff termination remains unchanged even if IP 3 binding is taken into account. The effects of IP 3 binding on IP 3 R gating have not been experimentally explored sufficiently to draw firm datadriven conclusions. We are currently investigating the effects of IP 3 binding on the IP 3 R channel gating and will report our results in the future.
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